The pigment components in green cotton fibers were isolated and identified as 22-O-caffeoyl-22-hydroxymonodocosanoin and 22-O-caffeoyl-22-hydroxydocosanoic acid. The concentration of 22-O-caffeoyl-22-hydroxymonodocosanoin correlated positively with the degree of colour in the green fibers, indicating a role for caffeoyl derivatives in the pigmentation of green cotton fibers. Upland cotton (Gossypium hirsutum L.) contains four genes, Gh4CL1-Gh4CL4, encoding 4-coumarate:CoA ligases (4CLs), key enzymes in the phenylpropanoid biosynthesis pathway. In 15-24-day post-anthesis fibers, the expression level of Gh4CL1 was very low, Gh4CL3 had a similar expression level in both white and green cottons, Gh4CL2 had a significantly higher expression level in green fibers than in white fibers, while Gh4CL4 had a higher expression level in white fibers than in green fibers. According to enzyme kinetics analysis, Gh4CL1 displayed a preference for 4-coumarate, Gh4CL3 and Gh4CL4 exhibited a somewhat low but still prominent activity towards ferulate, while Gh4CL2 had a strong preference for caffeate and ferulate. These results suggest that Gh4CL2 might be involved in the metabolism of caffeoyl residues and related to pigment biosynthesis in green cotton fibers. Our findings provide insights for understanding the biochemical and molecular mechanisms of pigmentation in green cotton fibers.
Introduction
For colored cotton, natural pigment fibers are the preferred choice of fibers since they need little or no processing and dyeing during the fabric manufacturing process, thus eliminating the costs of dyeing and disposing of the toxic dye waste (Dickerson et al., 1999; Dutt et al., 2004) . However, colored cottons suffer from issues of monotonousness and instability (Kohel, 1985) . Understanding the biochemical and molecular mechanisms of pigment composition and formation in colored fibers will provide insights for genetic manipulation of pigment production in cotton fibers to achieve bright and stable colors.
Currently available naturally colored cotton varieties are mainly brown or green fibers (Shi et al., 2002) . Recent evidence indicated that proanthocyanidin could be the main component of pigments deposited in brown cotton fibers (Li et al., 2013; Feng et al., 2014) . With regards to green pigment, so far little is known about its composition and the biochemical mechanisms underlying its formation in cotton fibers. Lithium aluminum deuteride (LiAlD 4 ) depolymerization and gas chromatography-mass spectrometry analyses showed the presence of a suberin polymer in green cotton, with the major aliphatic monomers being ω-hydroxydocosanoic acid at 70% and docosanedoic acid at 25% (Yatsu et al., 1983) . Green cotton fiber is suberized and contains a large proportion of wax, which can be separated into a colorless fluorescent fraction and a yellow pigmented fraction. The colorless fraction can be further purified and has been shown to contain caffeate, fatty acids that are predominantly ω-hydroxy fatty acids, and glycerol in molar ratios of 4:5:5 (Schmutz et al., 1993; Schmutz et al., 1994) . In green cotton fiber suberin, more than 96% of bifunctional aliphatic suberin monomers, namely α, ω-alkanedioic acids and ω-hydroxyalkanoic acids, have chain lengths of C 22 and C 24 (Schmutz et al., 1996) . The esterification of cinnamic acid and its derivatives, fatty acids and glycerol, is inhibited by phenylalnine ammonialyase, resulting in white fibers growing on green cotton seeds. This indicates that cinnamic acid and its derivatives play an important role in pigmentation during the development of green cotton fibers (Moire et al., 1999) and that the phenylpropanoid metabolic pathways are related to pigmentation in green cotton fibers.
The 4CL genes encode 4-coumarate:coenzyme A ligases (EC 6.2.1.12) that play a key role in phenylpropanoid metabolism by providing precursors for a large variety of important plant secondary metabolites, such as lignin, flavonoids, and phenylpropanoids, which are all known to be essential for plant survival (Huan et al., 2011; Saballos et al., 2012; . The 4CL genes exist in plants as a family with multiple members. The 4CL proteins regulate carbon flow in plant biosynthetic pathways, as their hydroxycinnamate-derived CoA thioester products serve as precursors for various pathways related to phenylpropanoid synthesis (Li and Nair, 2015) . Metabolic regulation is diverted by catalyzing different phenolic substrates, including 4-coumaric acid, caffeic acid, ferulic acid, cinnamic acid, and sinapic acid (Harding et al., 2002; Schneider et al., 2003; Hamberger and Hahlbrock, 2004 , respectively. The enzyme 4CL also plays an important role in the lignin biosynthesis pathway (Huan et al., 2011) . Rice 4CLs display different catalytic properties compared with those in dicots and impact significantly on rice plant development. Suppression of Os4CL3 expression resulted in a significant reduction in lignin, a shortened plant growth period, and other morphological changes (Gui et al., 2011) . Kinetic analysis showed that the most favorable substrate for 4CL1 from Pelargonium appendiculatum (Pa4CL1) is p-coumaric acid. The transcription of Pa4CL1 was induced when the P. appendiculatum thallus was treated with either salicylic acid or methyl jasmonate (Gao et al., 2015) . In aspen (Populus tremuloides), Pt4CL1 is expressed in lignifying xylem and the corresponding recombinant protein prefers substrates such as ferulic acid and 5-hydroxyferulic acid, suggesting that it plays a specific role in lignification (Hu et al., 1998) . In contrast, Pt4CL2, which showed the highest activity towards 4-coumaric acid and little activity towards ferulic acid, is expressed in leaf and stem epidermis but not in developing xylem tissue, suggesting that it may play a role in the biosynthesis of non-lignin phenylpropanoids (Hu et al., 1998) . In Arabidopsis, phylogenetic analysis revealed that 4CL1, 4CL2, and 4CL4 are more closely related to each other than to 4CL3, suggesting that the two groups may serve different biological functions . At4CL1 has a high specificity for 4-coumaric acid and caffeic acid and is mainly expressed in stems and roots (Lee et al., 1995) , with lower expression levels in leaves (Ehlting et al., 1999) . At4CL2, which is highly expressed in roots and siliques, is unusual in being able to convert caffeic acid with a higher efficiency than 4-coumaric acid while not acting on ferulic acid at all (Ehlting et al., 1999) . In contrast, At4CL3 is expressed in a broad range of cell types and has acquired a distinct role in flavonoid metabolism. At4CL3 displays a strong preference for 4-coumaric acid as its substrate compared with caffeic acid and ferulic acid (Ehlting et al., 1999; . At4CL4 displays limited expression levels but makes a modest contribution to lignin biosynthesis. Together, these data show that the four Arabidopsis 4CL isoforms have overlapping yet distinct roles in phenylpropanoid metabolism .
In this study, we isolated and structurally characterized two caffeic acid esters related to pigmentation in green cotton fibers, and studied enzymatic properties and expression profiles of the four cotton 4CL isoforms in green and white fiber cotton (Gossypium hirsutum L.). We found that, in 15-24-day post-anthesis fibers, Gh4CL2 had a higher expression level in green cotton than in white cotton and Gh4CL2 showed a higher metabolic efficiency for caffeic acid than for other substrates, suggesting a possible role of Gh4CL2 in pigment biosynthesis in green cotton fibers. These findings provide new insights for understanding the biochemical and molecular mechanisms related to pigmentation in green cotton fibers.
Materials and methods

Plant materials
Upland cotton Xincai No. 7 (Gossypium hirsutum L.) with green fibers (green cotton) and its near-isogenic line (NIL) with white fibers (white cotton) were planted in an experimental field at Shihezi University (44 °18ʹN, 86 °00ʹE, Xinjiang Autonomous Region, China). Fibers were excised from developing buds or bolls on selected days post-anthesis and stored at -80°C until used.
Extraction and purification of pigment
Fresh mature fibers weighing 120 g were ultrasonic extracted with 3 L of chloroform/methanol (v/v=1:1) solution at 50°C for 40 min.
The extraction was collected and concentrated under vacuum at 50°C in a water bath. The concentrates were then separated using column chromatography on silica gel (100-200 Mesh) by chloroform/methanol (10:0-8:2). The fractions were further purified on silica gel by chloroform/methanol (99:1-96:4), on polyamid column chromatography by chloroform/methanol (100:0-95:5), and then on Sephadex LH-20 by benzinum/chloroform/methanol (1:2:1).
Molecular structure analysis
The Matrix Assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF) MS spectra were collected and analyzed on a Bruker Reflex III instrument (Germany). 2, 5-Dihydroxybenzoic acid (DHB) was used as a matrix. Caesium chloride was mixed with the analyte/matrix solution at a 1:1 volumetric ratio to promote the formation of a single type of ion adduct ([M+Cs] + ). 1 H and 13 C spectra were obtained on a superconducting nuclear resonance spectrometer (INOVA 600 MHz, Varian). Samples were dissolved in 1 ml of dimethylsulphoxide-d6 (DMSO-d 6 ) and transferred through sintered glass filters into a 5 mm diameter NMR tube. All experiments, including HHDQFCOSY, HH-LR-COSY, HMQC and HMBC, were implemented with the standard Varian pulse library. Spectra were obtained under 24.5°C or 25°C with a 5 mm pulsed field gradient inverse detection probe (500 MHz) (Iossifova et al., 1999) .
Pigment content analysis
To measure the pigment content in green cotton fibers, we first constructed a standard linear model relating the HPLC peak to the concentrations of 22-O-caffeoyl-22-hydroxymonodocosanoin. Purified 22-O-caffeoyl-22-hydroxymonodocosanoin was weighed to 8.82 mg and dissolved into 25 mL chloroform/methanol (v/v=1:1). The resulting solution (0.3528 mg/mL) was centrifuged at 10 000 rpm for 10 min and used as a standard (Fig. 1A) . Mature fibers weighing 0.5 g were ultrasonic extracted with 50 mL of 1:1 (v/v) chloroform/methanol solution at 50°C for 30 min. This operation was performed four times and the extraction was collected and concentrated to 100 ml under vacuum at 50°C in a water bath. Then the concentrates were centrifuged at 10 000 rpm for 10 min and the pigment content was measured using the supernatant.
The extraction assay was performed by reverse-phase HPLC on a Waters2695-2998 system with the Agilent TC-C 18 column (250 mm×4.6 mm, 5μm). HPLC separation utilized a linear solvent gradient where Solvent A was 1% phosphoric acid (v/v with water) and Solvent B was acetonitrile. The gradient conditions were: 0-5 min, 25% A; 5-20 min, 25%-5% A. The column was maintained at 40°C, the flow rate was 1.0 mL/min, wavelength was 324 nm, and the sample size was 20 μL.
Gene expression analysis
Total RNA was extracted from roots (R), hypocotyls (H), leaves (L), flowers (F) and fibers of 3, 6, 9, 12, 15, 18, 21, 24, 27 and 30 days postanthesis (DPA) collected from green and white NIL cottons using a modified cetyl trimethylammonium bromide (CTAB) method (Luo et al., 2003) and stored at -80°C until used. The quality of extracted RNA was assessed on 1% (w/v) ethidium bromide-stained agarose gel. An aliquot of 1 μg total RNA was used for first-strand cDNA synthesis with the M-MLV reverse transcriptase (TaKaRa) following the manufacturer's instructions.
Gene expression level was assayed by quantitative PCR using cDNA equivalent to 100 ng of total RNA. Gene-specific primers (see Table S1 available at the Dryad Digital Repository, http://dx.doi. org/10.5061/dryad.1223s) were designed for PCR amplification. The cotton EF1a gene was used as an internal control. The qRT-PCR assays were performed with SYBR Premix Ex Taq (TaKaRa) on an Mx3000p system (Agilent, USA). Each reaction of 25 μL contained 2 μM of each primer, 2 μL cDNA (1:100 diluted), and 10 μL PCR Buffer for Eva Green Master Mix. Thermal cycling conditions consisted of pre-incubation at 95°C for 2 min, followed by 94°C for 15 s, 55°C for 20 s, and 72°C for 20 s; 40 cycles were used. Each cDNA sample was run in triplicate. The 2 -∆CT method (Livak and Schmittgen, 2001 ) was used to estimate the relative gene expression level. The means of three biological replicates, each with three technical replicates, were calculated as the expression levels of the genes. 
Phylogenetic analysis
The amino acid sequence alignment of the 4CL proteins was conducted using CLUSTALW implemented in DNAStar (DNAStar, WI, USA) (Thompson et al., 1994) . The phylogenetic tree was generated using MEGA software (version 5.05; http://megasoftware.net) based on the Neighbour-Joining method with 1000 bootstrap replications (Singh et al., 2011) . Protein sequences of other plants were obtained from the National Center for Biotechnology Information and were reports published in the literature (see Table S2 at Dryad).
Recombinant protein expression
The full length coding regions of the four cotton 4CL genes, namely Gh4CL1, 1,692 bp; Gh4CL2, 1,707 bp; Gh4CL3, 1,662 bp; and Gh4CL4, 1,677 bp, were individually subcloned into the pET28a(+) vector containing a His tag at the C terminus (Invitrogen, USA). The construct was first confirmed by sequencing and then transformed into Escherichia coli BL21 (DE3) strain for recombinant protein expression and purification based on published methods (Li et al., 2000) . Each purified protein was stored in 50 mM Tris-HCl buffer at pH 7.5 containing 14 mM β-mercaptoethanol and 30% (v/v) glycerol at -20°C until the enzyme activity analysis was carried out.
Enzyme activity analysis
Enzyme activity was assayed following previous methods with minor modifications (Knobloch and Hahlbrock, 1975) . Five hydroxycinnamic acid derivatives, cinnamate, 4-coumarate, caffeate, ferulate and sinapate, were used to analyze the enzymatic activity of the four cotton 4CLs. The 200 μL reaction mixture contained 50 mM TrisHCl at pH 7.5), 5 mM ATP, 5 mM MgC1 2 , 0.2 mM CoA, 5 mg of each purified recombinant 4CL protein with boiled protein used as the control, and a range of substrate concentrations, namely 20, 40, 100, 300, and 600 mM. Changes in absorbance caused by CoA-ester formation were monitored at 311 nm for cinnamic acid, 333 nm for 4-coumaric acid, 346 nm for caffeic acid, 345 nm for ferulic acid, and 352 nm for sinapic acid. Extinction coefficients of the ester products were used to estimate enzyme activities based on established methods (Lee et al., 1997; Ehlting et al., 1999) . Values for K m , the concentration at which the half-maximal velocity of reaction is achieved, K cat , the maximum number of substrate molecules turned over per enzyme catalytic site per unit of time, K enz (K cat /K m ), and V max , the maximum initial velocity of the enzyme-catalyzed reaction under a given condition, for recombinant 4CL1, 4CL2, 4CL3, and 4CL4 were determined based on published methods (Li et al., 2000) .
Statistical analysis
Analysis of variance (ANOVA) and significant test of means were performed using the statistical software SPSS10.0.
Results
Separation and identification of pigment in green cotton fibers
Based on UV spectrum and thin-layer chromatography (TLC) analysis, we found significantly different spectra in the chloroform/methanol extractions derived from white and green cotton fibers. A single absorption peak at 242 nm was observed in the extraction of white cotton fibers, whereas there were two absorption peaks at 244 nm and 329 nm in the extraction of green cotton fibers (see Fig. S1 at Dryad), suggesting that the peak at 329 nm might be related to the pigment in green cotton fibers.
In the polar part of the chloroform/methanol extract of the green cotton fibers, we isolated several fatty acids, including dimethyl-2-hydroxysuccinate, dimethyl malate, and heptacosanoic acid monoglyceride. Amongst them, we also identified two new compounds to be 22-O-caffeoyl-22-hydroxymonodocosanoin (Compound 1) and 22-O-caffeoyl-22-hydroxydocosanoic acid (Compound 2) (Fig. 2) based on observed NMR and MALDI-TOF MS spectra and published data (Schmutz et al., 1994; Iossifova et al., 1999; Torres de Pinedo et al., 2007) .
Compound 1 was a green-yellow powder, whose molecular formula was established as C 34 H 56 O 8 based on electrospray ionization (ESI)-MS ([M+Na] + at m/z 615.3856) and the 1 H, 13 C, and distortionless enhancement by polarization transfer (DEPT) spectra.
The 1 H-NMR spectrum of Compound 1 (Fig. S2 at Dryad, Table 1 C-NMR spectrum of Compound 1 (Fig. S3 at Dryad, Table 1 ) revealed a signal fir ester carbonyl at δ 172.8 (C-1). The C-9' (δ 166.5) was conjugated with double bonds and C-22 (δ 63.6), C-1'' (δ 65.4), C-2'' (δ 69.2), and C-3'' (δ 62.6) were bonded with oxygen. In addition, the H, H-COSY spectra (see Fig. S4 at Dryad) showed a glycerinum unit by two coherent signals of proton at δ 4.03, δ 3.90 and δ 3.64, δ 3.64 and δ 3.34. The HMBC (Fig. S5 at Dryad) and HMQC ( Fig. S6 at Dryad) correlation from the anomeric proton H-7' (δ 7.46) to C-2' (δ 114.7), H-8 (δ 6.24) to C-9' (δ 166.5), H-22 (δ 4.09) to C-9' (δ 166.5) and H-2 (δ 2.27) to C-1 (δ 172.8) indicated a fatty acyl linkage between C-9' of caffeoyl and C-22 of glyceride.
Compound 2 was a yellowish powder with a structure similar to that of Compound 1. It was evident that Compound 2 also contains a trans-caffeoyl ester unit based on its 1 H-NMR spectrum (Fig. S7 at Dryad, 1H, d, J=15.0 Hz) , and the signals of ABX coupling system proton at δ 7.03 (H-2', 1H, s), δ 6.75 (H-5', 1H, d, J=8.2) and δ 6.98 (H-6', 1H, d, J=8.2). However the signal typical for the long saturated hydrocarbon unit, but not for the glycerin unit, that is the proton signal of carbon oxide, was observed only at δ 4.09 (H-22, 2H, t, 6.5).
A signal for carbonyls of a carboxylic acid unit at δ 172.8 (C-1) and a broad peak signal of hydroxy at δ 9.97 were deduced for Compound 2 from its 13 C NMR spectrum (Fig.  S8 at Dryad, Table 2 ). These signals did not provide evidence for the linkage between the glycerin unit and the saturated hydrocarbons unit. However, the C-9' conjugated with the double bonds at δ 166.5 and a signal for carbon linked oxygen at δ 63.6 (C-22) was observed, suggesting that the acyl linkage is between C-9' of the caffeoyl unit and C-22 of carboxylic acid. These data unambiguously indicate the structure of Compound 2 to be 22-O-caffeoyl-22-hydroxydocosanoic acid, with a molecular formula of C 31 H 50 O 6 based on its ESI-MS ([M+Na] + at m/z 541.2873) data.
Pigment content in green cotton fibers at different developmental stages
The linear model created using a series of different concentrations of 22-O-caffeoyl-22-hydroxymonodocosanoin ( Fig. 1B ; see Materials and methods for details) was used to estimate the concentration of 22-O-caffeoyl-22-hydroxymonodocosanoin in six green cotton cultivars (accessions) with light to deep green fibers (Fig. 1C) . The concentration of 22-O-caffeoyl-22-hydroxymonodocosanoin was 11.372 mg·g -1 in the fibers of Xincai No.7 with a deep green color, whereas it was 3.157 mg·g -1 in Xincai No. 12 with the lightest green color among the six cultivars (Table 3 ). The degree of the green color in fibers of the tested cotton accessions was well correlated with the concentration of 22-O-caffeoyl-22-hydroxymonodocosanoin. The greater the content of 22-O-caffeoyl-22-hydroxymonodocosanoin, the deeper the green color of the fibers (Table 3 ; Fig. 1C ). 
Isolation and characterization of the cotton 4CL family members
Based on homolog search, we found four 4CL genes in the G. hirsutum genome . cDNAs of the four 4CL genes were isolated from Xincai No.7 and named as Gh4CL1 (conAD_31895), Gh4CL2 (conAD_09749), Gh4CL3 (conAD_23412), and Gh4CL4 (conAD_52480 Alignment of the 4CL proteins revealed the colinear organization of the two highly conserved sequence motifs, namely motif I and motif II, is common to all 4CLs (Fig. 3) . Residues involved in hydroxycinnamate binding and enzymatic functions were also identified ( Fig. 3 ; Hu et al., 2010) . In addition, the C-terminal of cotton 4CLs harbored three conserved catalytic residues, Lys, Gln and Lys (Fig. 3, marked by red triangles) .
Phylogenetic analysis
The phylogenetic analysis of 4CLs from selected plants suggests three major CoA ligase clades, Class I to III. Gh4CL1 belongs to Class II which included Ri4CL3, Gm4CL3, Gm4CL4, Pt4CL2, Pbd4CL, and At4CL3 (Fig. 4) . Gh4CL2, Gh4CL3 and Gh4CL4 were closely related to each other and grouped into Class I (Fig. 4) , together with At4CL1, At4CL2, and At4CL4 of Arabidopsis and Pto4CL and Pt4CL1 of Populus. None of the four cotton 4CLs were grouped into Class III, consistent with the notion that Class I and II 4CLs are predominantly present in dicotyledonous species (Kumar and Ellis, 2003; Soltani et al., 2006; Chen et al., 2014) , whereas class III 4CLs are largely restricted to monocotyledonous species (Gao et al., 2015) .
Expression analysis of the cotton 4CL genes
The expression profiles of the four cotton 4CL genes were investigated by qRT-PCR (Fig. 5) . In non-fiber tissues, the expression level of Gh4CL1 was higher in leaves and flowers than in roots and hypocotyls (Fig. 5A) . In fibers, Gh4CL1 had a distinct expression pattern in white and green cottons. In the white fibers, the expression level of Gh4CL1 decreased gradually with fiber development. In contrast, in the green fibers the expression level of Gh4CL1 increased from three to nine DPA and then decreased after 12 DPA. Gh4CL1 showed a higher expression level in green fibers than in white fibers during the early stage of fiber development, particularly in 6-9 DPA fibers (Fig. 5A) . The transcript level of Gh4CL2 was significantly higher in hypocotyls than in other vegetative tissues in green cotton, however, the transcript level of Gh4CL2 was similar between hypocotyls and flowers in white cotton. During cotton fiber development, most significant differences in the expression level of Gh4CL2 between white and green cottons occurred from 15-24 DPA, with a much higher expression level observed in green cotton (Fig. 5B) . In contrast, Gh4CL3 had a similar expression profile in both white and green cottons, with the highest level observed in 24 DPA fibers (Fig. 5C) . In non-fiber tissues, the expression level of Gh4CL4 was higher in roots and hypocotyls than in leaves and flowers. In fibers, the expreesion level of Gh4CL4 increased gradually from three to 24 DPA and then decreased in both white and green cottons. Gh4CL4 was expressed more abundantly in white cotton than in green cotton (Fig. 5D ).
Enzymatic activity of the recombinant cotton 4CL proteins
We characterized the catalytic properties of the four cotton 4CLs using their recombinant proteins (Table 4) . Gh4CL1 displayed a very low turnover rate but showed a preference for 4-coumarate. Gh4CL2 showed a strong preference for caffeate and ferulate with a K m of 26.82 and 28.46 μM, respectively, but was inactive for 4-coumarate and cinnamate. Gh4CL3 and Gh4CL4, which have the most similar sequences, showed similar catalytic activity. They exhibited a somewhat lower but nonetheless pronounced activity towards ferulate with a K m of 36.76 μM for Gh4CL3 and 41.83 μM for Gh4CL4, and a low activity towards other hydroxycinnamic acid substrates. All four cotton 4CLs were not able to convert sinapate to its corresponding CoA ester. In addition to different substrate affinities and specificities, namely K m and K enz , substantial differences in the catalytic turnover rates (K cat ) were also detected among the four cotton 4CLs (Table 4) 
Discussion
In addition to cellulose, the composition of natural colored cotton fibers is very complex, including natural pigments, wax, pectin, proteins, minerals, natural resins, and related symbioses of non-cellulose. Separation and purification of pigments from cotton fibers, especially from green cotton fibers, is not an easy task. In green cotton fibers, the colorless, brown, and green sections co-exist. The green section is unstable and can be easily decolorized by exposure to sunlight and * data were based on three biological replicates Fig. 3 . Protein sequence alignments of Gh4CLs and orthologs of Gh4CL1 from Arabidopsis thaliana (At) and Glycine max (Gm). The conserved Motif I and Motif Ⅱof the 4CL proteins are boxed with red frames. Residues involved in hydroxycinnamate binding activity and enzymatic functions are indicated by black dots and red triangles, respectively.
rain (Shi et al., 2002) . Previous research has demonstrated that cinnamic acid and its derivatives are the only phenolic components in the colorless fraction isolated from the wax of green fibers and could play an important role during pigmentation of green cotton fibers (Schmutz et al., 1993; Schmutz et al., 1994; Moire et al., 1999) . In this study, two pigment compounds were isolated from the polar part of the chloroform/methanol extraction of green cotton fibers and identified as 22-O-caffeoyl-22-hydroxymonodocosanoin and 22-O-caffeoyl-22-hydroxydocosanoic acid. We found that 22-O-caffeoyl-22-hydroxymonodocosanoin content positively correlated with the degree of green color in cotton fibers. The same caffeoylfatty acid-glycerol ester has been isolated from wax associated with green cotton fiber suberin (Schmutz et al., 1994) . Caffeoyl usually form chromophores, the light absorbing parts of a molecule that can cause a compound to be colored, due to the conjugate actions between the benzene ring and double bond. Stronger conjugation causes more π electrons to be excited, which contributes to greater color development (Xu et al., 2010) . In addition, chromophores are stabilized by a combination of intramolecular stacking of caffeoyl residues and selfassociation of chromophores (Mori et al., 2006) . For instance, in flowers of Tecophilaea cyanocrocus, 1 H NMR analysis and circular dichroism (CD) spectrum indicate the co-existence of clockwise intermolecular self-association of delphinidin nuclei and intramolecular π-π stacking between the chromophore and caffeoyl residues, which causes a bathochromic shift of the absorption spectrum, that is shifting towards a longer wavelength, and prevents hydration reactions. As a result, the color of T. cyanocrocus flowers is stabilized and shows a persistent beautiful blue (Mori et al., 2014) . Our result of positive coloration between the content of a caffeoyl-containing ester, namely 22-O-caffeoyl-22-hydroxymonodocosanoin, and the green color of cotton fibers provides a foundation for further investigation of the mechanism involved in the development of green color in cotton fibers.
The 4CLs play an important role in the phenylpropanoid pathway by converting coumaric acid and other substituted cinnamic acids, such as caffeic, ferulic, and sinapic acids, into corresponding CoA esters that are then used for the biosynthesis of flavonoids, isoflavonoids, lignins, coumarins, and other phenolics (Ehlting et al., 1999; Hamberger and Hahlbrock, 2004) . Four cotton 4CL isoforms were identified in this study. All of them include the two sequence motifs that are highly conserved in 4CLs from other plants. The N-terminal domain motif I (LP Y/F SSGTTGPKG) was highly conserved not only in 4CL homologous proteins, but also in luciferases, acetyl-CoA synthetases, long-chain fatty acyl-CoA synthetases, and peptide synthetases (Stuible et al., 2000; Stuible and Kombrink, 2001 ). The conserved motif II (GEICIRG) was not directly involved in catalysis but associated with the stability of protein space conformation (Stuible et al., 2000) . Of the three conserved catalytic residues at the C-terminal of 4CLs (Fig. 3) , the first two, Lys and Gln, were identified as the catalytic center of the thioester-forming partial reaction (Hu et al., 2010) , and the third, Lys, as the catalytic center of the adenylation half reaction (Nakatsu et al., 2006; Hu et al., 2010) . These sequence features suggest that the functions characterized in other plant 4CLs might be conserved in cotton 4CLs.
Based on phylogenetic analysis, Gh4CL1 belongs to Class II, while Gh4CL2, Gh4CL3 and Gh4CL4 belong to Class I. Previous studies have revealed that most Class I 4CLs may play a role in the biosynthesis of lignin phenylpropanoids and that Class II 4CLs may participate in flavonoid synthesis according to their biochemical properties (Ehlting et al., 1999; Lindermayr et al., 2002; Kim et al., 2012) . For example, At4CL3, a Class II 4CL, was identified in a large-scale genetic screen with an aim to find genes involved in the formation of pollen exine (Dobritsa et al., 2011) and was found to be co-expressed with genes involved in flavonoid biosynthesis (Koopman et al., 2012) . At4CL1, At4CL2, At4CL4, Pto4CL, and Pt4CL1, all class II 4CLs, have been shown to be involved in lignin, lignin, and phenolic acid biosynthesis (Voelker et al., 2010; Kim et al., 2012) .
The enzymatic activity of Gh4CLs towards different substrates, together with the function of their homologs investigated in other plants, may provide clues for their biochemical function. Gh4CL1 showed a relative preference for 4-coumarate even though this was with a relatively low turnover rate (Table 4) . Ri4CL3, quite closely related to Gh4CL1 (Fig. 4) , has been suggested to activate 4-coumaroyl CoA esters for the branch pathways of phenylpropanoid metabolism that The K m and V max of recombinant Gh4CL1, Gh4CL2, Gh4CL3, and Gh4CL4 proteins were determined from a Lineweaver-Burk plot. The values represent means and SE of three replicates. NC, no conversion.
only requires activated 4-coumarate, as opposed to other activated hydroxycinnamic acid derivatives (Kumar and Ellis, 2003) . At4CL3, another Class II 4CL, displayed a strong preference for 4-coumaric acid as a substrate and has been shown to be involved in flavonoid metabolism (Ehlting et al., 1999; . The expression level of Gh4CL1 was higher in flowers than in other tissues (Fig. 5A ) of both green and white cottons. These results suggest a potential role of Gh4CL1 in flavonoid biosynthesis.
Gh4CL2 showed a strong preference for caffeate and ferulate, similar to what has been observed for At4CL2, which converted caffeic acid with a high efficiency compared with other substrates (Ehlting et al., 1999 ). Furthermore, the expression level of Gh4CL2 in 15-24 DPA fibers was significantly higher in green cotton than in white cotton. Interestingly, both in vivo, that is field grown, and in vitro, that is ovule culture, experiments showed that the peak accumulation of pigments of brown and green colors was observed in 20-25 DPA fibers (Yuan et al., 2012) , coincident with the peak expression level of Gh4CL2 (Fig. 5B) . These results suggest that Gh4CL2 might be involved in the metabolism of caffeoyl residues and related to pigmentation in green cotton fibers.
Gh4CL3 and Gh4CL4 exhibited a similarly relatively low activity towards 4-coumarate, ferulate, caffeate, and cinnamate, although their preferred substrate could be ferulate. Both Gh4CL3 and Gh4CL4 were highly expressed in 21-27 DPA fibers with Gh4CL3 being equally expressed in both white and green fibers and Gh4CL4 showing a higher expression level in white cotton fibers. Gh4CL4 was also relatively highly expressed in roots and hypocotyls (Fig. 5C, D) . These results suggest that Gh4CL3 and Gh4CL4 may function differently.
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